



 (2006) Doi: 10.1111/j.1474-9726.2006.00244.x




Journal compilation © Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland 2006
 
Blackwell Publishing Ltd
Uncoupling of pathways that promote postmitotic life 








Department of Genetics and Department of Biology, University of 




A dichotomy exists between germ and somatic cells in
most organisms, such that somatic cell lineages proliferate
for a single generation, whereas the germ cell lineage has
the capacity to proliferate from one generation to the
next, indefinitely. Several theories have been proposed
to explain the unlimited replicative life span of germ cells,
including the elimination of damaged germ cells by
apoptosis or expression of high levels of gene products
that prevent aging in somatic cells. These theories were





examining the consequences of eliminating either













promote longevity of postmitotic somatic cells. However,
germ cells of strains deficient for these activities displayed





cells retain their youthful character via alternative path-
ways that prevent or eliminate damage that accumu-
lates as a consequence of cell proliferation.









Evolutionary theory predicts that germ and somatic cells may
face opposing forms of selection: somatic cells may be optimized
to contribute to the fitness of an organism for a single generation,
whereas germ cells may be optimized to maintain an eternally
youthful character (Kirkwood, 1977; Medvedev, 1981). One
mechanism proposed to explain the replicative immortality of
germ cells suggests that the organism may select against germ
cells with abnormalities or excessive damage, perhaps via a
‘suicide protein’ that monitors the ‘level of errors’ within a cell
(Orgel, 1963; Holliday, 1975). Indeed, significant levels of
apoptosis occur during germ cell development in a variety of
organisms, which results in two- to 20-fold reductions in germ




., 2005). In addition, germ cell apoptosis
can be elicited by various stresses, genotoxic agents or environ-













., 2006). An alternative to achieving proliferative
immortality via elimination of damaged germ cells might be to
curtail endogenous levels of damage by harnessing stress
response or repair pathways that are predicted to be of limited
utility to the soma (Kirkwood & Holliday, 1979). A potential
example of this dichotomy in humans is the ribonucleoprotein
telomerase, which replenishes repetitive DNA sequences at















Studies of replicative aging in yeast have revealed that over-
expression of Sir2p or mislocalization of endogenous pools of
Sir2p to the rDNA locus can extend replicative lifespan by
repressing the formation of toxic extrachromosomal rDNA





Surprisingly, deficiency for the gene that encodes the closest




, results in extension of the


























in extension of adult postmitotic lifespan (Tissenbaum &









 enhances longevity, in part, by modulating




 in response to stress





Insulin/insulin-like growth factor (IGF) signaling represses





in the DAF-2 insulin/IGF receptor or its downstream target the
AGE-1 phosphoinositide-3-kinase results in development of









., 1997). The activity of AGE-1 is negatively


















longevity conferred by insulin/IGF signaling defects also depends




mutants are short lived and hypersensitive to stresses such as






















 mutants have been iden-
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for multiple generations (Ahmed & Hodgkin, 2000; Smelick &
Ahmed, 2005). In theory, the study of germ cell immortality
might require growth of a particular strain for hundreds or
thousands of generations. Given that human somatic cells are
estimated to undergo 50 to 100 divisions during one’s lifetime,




 generation represents about 10









mutants only become progressively sterile when propagated at




C (Ahmed & Hodgkin, 2000).
The temperature-sensitive property suggests that some path-
ways that ensure germ cell immortality may offer protection








 mutants become sterile as a consequence
of telomere shortening, which ultimately results in telomere





., 2006). Shortened telomeres from a telomere
replication mutant background can be removed by extensive




 strains. For the reference













., 2006), propagation of 12 well-outcrossed














 (Table 1). These results are useful for






 hermaphrodites, more than half of all germ cells




., 1999). The purpose of physiological germ cell apoptosis
is uncertain, as mutations in core components of the apoptotic









eliminate all germ cell apoptosis yet confer normal levels of












 mutants are defective for germ cell apoptosis in
response to DNA damage, starvation, heat shock, and oxidative









test the hypothesis that germ cell apoptosis may cleanse the
germline of cells that accumulate excessive levels of macro-
















, which is required to induce









., 2001), were examined for effects on





















failed to result in sterility or even modest drops in fertility
(Table 2, and data not shown).








., 1993; Tissenbaum & Guarente, 2001). The
maintenance and repair theory of germ cell immortality predicts
that replicative aging might be suppressed by up-regulation of
such proteins in germ cells (Kirkwood, 1987). Dauer larvae can




 strains by stresses such as
overcrowding, starvation and high temperature, whereas






























 animals had died, whereas
large numbers of larvae were still present for the N2 wild-type





































, were tested for their ability to pro-
mote replicative immortality of germ cells. Propagation of these



















Table 1 Propagation of trt-1 strains outcrossed 38 times
Generation 
F10 F12 F14 F16 F18 F20 F22 F24 F26 F28 F30 F32 F34
trt-1.1 W W W W F F F VF S – – – –
trt-1.2 W W W W M M M VF VF S – – –
trt-1.3 W W W M F M VF VF S – – – –
trt-1.4 W W W W M M VF F M S – – –
trt-1.5 W W W W M F F F M F S –
trt-1.6 W W W W M M F M M F S – –
trt-1.7 W W W W M W M M F S – – –
trt-1.8 W W W W M M F S – – – – –
trt-1.9 W W W W W M W F VF M VF VF S
trt-1.10 W W W W M W M F S – – – –
trt-1.11 W W W W W M M F VF F VF S –
trt-1.12 W W W W M M M F S S – – –
wild-type W W W W W W W W W W W W W
Fertility for later generations is indicated as W (wild-type), M (medium), 
F (few), VF (very few) and S (sterile). Lines that were no longer propagated 
are indicated with a dash (–). Four wild-type strains were propagated, each 
yielding the same result.
Table 2 Replicative aging of germ cells in various mutant backgrounds
Strain
Generation at sterility 
20 °C 25 °C
ced-3 –, – –, –
ced-4 –, – –, –
cep-1 –, – –, –
daf-16(m26) –, – –, F30
daf-16(mu86) –, – –, –
daf-16(mgDf50) –, – –, –
daf-18(e1375) –, – –, –
daf-18(ok480) –, – –, –
sir-2.1 –, – –, –
him-6(ok412) – F10
him-6(e1423) –, – F14, F18
wrn-1 –, – –, –
N2 wild-type –, – –, –
Strains that were propagated for 30 generations but failed to become sterile 
are indicated with a dash (–). Two trials were typically conducted, the results 
of which are separated by a comma.
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(Table 2). The other daf-16 and daf-18 strains were propagated
for an additional 10 generations to ensure that the sterility
observed for one daf-16 line was not indicative of a general
late-onset Mortal Germline phenotype conferred by mutations
of daf-16 or daf-18. However, the other strains failed to display
even modest drops in fertility that herald late-onset sterility in
most mortal germline mutants (data not shown, Table 1)
(Ahmed & Hodgkin, 2000; Meier et al., 2006). The single daf-16
strain that became sterile may have become homozygous for a
sterile, lethal or mortal germline mutation that either arose
spontaneously during propagation or was segregating in the
un-outcrossed m26 mutant background used for this study.
Mutation of the C. elegans Bloom’s syndrome homolog him-6
confers a temperature-sensitive Mortal Germline phenotype
(Grabowski et al., 2005). Fibroblasts from humans deficient for
the related human Werner’s RecQ helicase display premature
replicative senescence in vitro (Martin, 1997). As controls for
the experiments described above, Bloom’s or Werner’s RecQ
helicases were examined for roles in replicative aging of C.
elegans germ cells using two null mutations of him-6, ok412
and e1423, and one deletion allele of wrn-1, tm764, respectively
(Lee et al., 2004; Wicky et al., 2004). These mutants did not
display Mortal Germlines when propagated at 20 °C. While the
wrn-1 strain could be propagated indefinitely at 25 °C, both
him-6 alleles became sterile between generations F10 and F18 at
this temperature (Table 2). Thus, the wrn-1 RecQ helicase is
dispensable for proliferative immortality in C. elegans, suggesting
that it may have functionally diverged from its human counterpart.
In contrast, him-6 is required to suppress a form of heritable
damage that is intrinsically temperature-sensitive (Grabowski
et al., 2005).
Discussion
One mechanism to achieve proliferative immortality might
involve elimination of germ cells that contain excessive levels
of damage (Orgel, 1963; Holliday, 1975). Evidence for this
hypothesis has been suggested in the context of mouse sper-
matogenesis, where a decrease in the frequency of spontaneous
mutation was observed after a wave of apoptosis that occurs
during spermatocyte development (Walter et al., 1998). How-
ever, mutations that eliminate all germ cell apoptosis did not
affect proliferative immortality in C. elegans, nor did deficiency
for cep-1/p53 (Table 2), which functions to mediate apoptotic
responses to genotoxic stress (Derry et al., 2001; Schumacher
et al., 2001). In agreement with these observations, loss of
ced-3, ced-4 or cep-1/p53 has no effect on the frequency of
spontaneous mutation in C. elegans germ cells (Harris et al.,
2006). Apoptosis may fulfill alternative functions in the germline,
such as modulation of germ cell proliferation during development
(Matsui, 1998), elimination of superfluous nurse cells during
oogenesis (Gumienny et al., 1999; Buszczak & Cooley, 2000),
or elimination of germ cells with critical levels of damage that
result from meiotic errors or environmental insults (Gartner
et al., 2000; Matikainen et al., 2001; Salinas et al., 2006).
DAF-16 interacts with the heat shock factor HSF-1 to up-
regulate a number of target genes that respond to stress induced
by high temperature (Hsu et al., 2003). The significance of this
pathway was apparent for starved, developmentally arrested
daf-16 and daf-18 strains that died after 1 month at 25 °C.
However, continual propagation of these strains for 40 gener-
ations (5 months) at 25 °C did not result in even mild drops in
fertility, indicating that the daf-16 insulin/IGF signaling pathway
may be specifically designed to modulate the postmitotic
lifespan of C. elegans larvae and adults. In addition, SIR-2.1,
which activates DAF-16 in response to stress (Berdichevsky
et al., 2006), is not required for germline immortality. Roles for
sir-2.1, daf-16 or daf-18 in either promoting or repressing
proliferative aging of germ cells may become apparent under
conditions of stress that were not tested in this study. It is also
possible that these genes may play roles in the repair or main-
tenance of germ cells that are separable from proliferative
immortality (Pinkston et al., 2006).
In C. elegans, DAF-16 can modulate lifespan in a cell non-
autonomous manner (Libina et al., 2003; Hwangbo et al.,
2004). This might preclude high levels of DAF-16 activity in germ
cells, which could result in constitutive, non-autonomous extension
of somatic lifespan, thereby compromising the ability of the
organism to respond to stress. To solve this dilemma, germ cells
may utilize an alternative regulatory system to activate stress
response and longevity pathways that lie downstream of
daf-16 or sir-2.1 in a cell- or organ-autonomous manner. In
addition, a germ cell-specific repertoire of defenses could be
utilized to stem the wrath of replicative aging.
In summary, apoptosis and daf-16-mediated stress resistance
do not prevent proliferative aging in C. elegans germ cells. It is
possible that the selection or maintenance and repair theories
of germ cell immortality will be borne out in other ways. For
example, telomerase reverse transcriptase is expressed at high
levels in human germ cells to maintain telomere length (Kim
et al., 1994; Meyerson et al., 1997; Nakamura et al., 1997). In
addition, selection may be a significant factor in the reproductive
success of haploid gametes (Medvedev, 1981). Further studies
of C. elegans mortal germline mutants may help to determine
how germ cells suppress proliferative aging and, by extension,
how aging of somatic stem cells might occur or be ameliorated.
Experimental procedures
The following C. elegans strains were grown as described
(Sulston & Hodgkin, 1988): cep-1(lg12501) I, trt-1(ok410) I, daf-
16(m26) I, daf-16(mu86) I, daf-16(mgDf50) I, wrn-1(tm764) II,
ced-4(n1162) III, ced-3(n717) IV, him-6(ok412) IV, him-6(e1423)
IV, daf-18(e1375) IV, daf-18(ok480) IV, sir-2(ok434) IV, Bristol
N2 wild-type. Strains were propagated by placing six L1 larvae
on an NGM plate, allowing for 1 week of growth (two gener-
ations), transferring six L1 ‘grandchildren’ to a fresh NGM plate,
and so forth. Transferring six larvae at a time helps to ensure that
lethal or sterile mutations segregating in strain backgrounds
would not become homozygous and result in artifactual extinction
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of a lineage (Ahmed & Hodgkin, 2000; Smelick & Ahmed,
2005). The strains sir-2(ok434), ced-4(n1162) and ced-3(n717)
were each outcrossed five times prior to conducting germline
immortality experiments.
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